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[57] ABSTRACT

A magnetic resonance imaging (MRI) method imposes
void planes on tissue to be imaged, which may form a
grid pattern of lines which, when later imaged, pro-
duces a reference void in the image. This is especially
useful in studies of the heart where the contraction and
relaxation of the heart can thus be measured. Also for
static tissue the method is useful for radiation therapy
port planning. The grid reference or void planes are
formed by a simple use of an RF pulse in conjunction
with the use of a slice select gradient which provides
sufficient power so that those protons in the grid are
saturated so that in the later imaging step there will be
significant spin echo signal difference between the grid
imposed areas and the remaining regions of the tissue.

9 Claims, 7 Drawing Sheets
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1
MAGNETIC RESONANCE IMAGING METHOD

FIELD OF THE INVENTION

The present invention is directed to a magnetic reso-
nance imaging method and more specifically, to a

method of imaging the human heart to analyze its mo-
tion during the heartbeat.

BACKGROUND OF THE INVENTION

In classical magnetic resonance imaging (MRI) tech-
mques, the proton density of physical tissue characteris-
tics 18 sensed to discriminate between healthy and dis-
cased tissue. In the case of tissue that is in motion, such
as the human heart, diseased portion of the heart are
optimally detected by assessment of wall motion of a
heart chamber and wall thickness during this cardiac
cycle. One technique which attempts to do the forego-
ing 18 the use of ultrasound (referred to as “echo” in the
industry); and to some extent other techniques are
X-ray computed tomography, contrast ventriculogra-
phy, nuclear scanning, and finally classical or conven-
tional MRI.

All these methods suffer from the same critical limita-
tion: the inability to visualize and to track the same
portion of the ventricular myocardium throughout the
cardiac cycle. For instance, all tomographic imaging
methods visualize a thick slice of space through which
the myocardium moves during the cardiac cycle. Thus
images taken at different instants in the heart cardiac
cycle are actually different segments of the myocar-
dium of the heart. The movement of the heart during
the cardiac cycle is complex and involves displacement
along all three axes.

One technique involving physical invasion of the
heart itself to detect the foregoing has been to surgically
implant markers. In addition to the invasiveness of the
above technique, it does not adequately measure needed
parameters.

MRI has been used for the measurement of blood
flow in the human body but with limited success.

OBJECT AND SUMMARY OF INVENTION

It 1s a general object of this invention to provide an
improved magnetic resonance imaging method.

In accordance with the above object, there is pro-
vided a magnetic resonance imaging method using a
slice select gradient and where an image is produced by
an imaging step including application of a radio fre-
quency (RF) pulse or puise sequence to a tissue speci-
men which produces signals utilized for forming said
image. The method comprises the steps of manipulating
the magnetic axis of selected protons in a slice to be
selected by the shlice select gradient in the imaging step
to impose a grid line reference system on the slice, the
manipulation causing the grid system to produce sub-
stantially no signals during a subsequent imaging step.

The manipulation includes the steps of utilizing at
least one slice select gradient to excite selected protons
in at least one predetermined void plane which forms a
line of said grid system, and imposing an RF pulse on
the excited protons with a predetermined power for a
predetermined flip angle of the magnetic axes of said
protons substantially to place such protons in a satu-
rated condition during the later imaging step. Thereaf-
ter in the imaging step an image is taken of the specimen
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2
slice, the grid system in said slice producing substan-
tially no signals.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1is a block diagram of an MRI system utilizing
the present invention.

FIG. 2 is a representation of an image of the human
heart along its longitudinal axis utilizing the method of
the present invention.

FIG. 3 1s a view similar to FIG. 2 of a human heart
but along the transverse axis of the heart utilizing a
different type of reference grid format.

FIG.4isa rcprcsentatmn of the human heart ﬂlustrat-
ing an alternative imaging method.

FIG. 4A is the representation of the actual image
produced in conjunction with the method as illustrated
in FIG. 4.

FIGS. SA through SE illustrate a normal MRI imag-
ing sequence which is controlled or gated by a cardiac
cycle.

FIGS. 6A through 6D show the foregoing standard
imaging sequence in combination with the additional
method of the present invention.

FIGS. 7A through 7C are waveform diagrams illus-
trating an alternative embodiment of the present inven-
tion.

FIGS. 8A through 8C are vector timing diagrams

illustrating and explaining the method of the present
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The method of the present invention may be conve-
niently used with standard MRI apparatus if such appa-
ratus has control capabilities where parameters may be
easily varied. However, an ideal apparatus, as illus-
trated in FIG. 1 in broad format, is produced by the
Resonex Corporation of Sunnyvale, Calif., with its basic
imaging technique being shown in U.S. Pat. No.
4,743,851 “Apparatus and Method for Creating Non-
Orthogonal Magnetic Resonance Imaging, ” Ser. No.
089,941, filing date Aug. 25, 1987, in the names of Lim,
Buonocore and Barratt, and assigned to Resonex Corp.
The MRI apparatus shown in that application is ideally
suited for the present method since it can be very easily
controlled to provide image planes at any angle or off-
set.

In any case, referring to the generalized showmg of
an MRI device, as illustrated in FIG. 1, there is a main
magnet 10 which provides a magnetic field By which
generates a steady magnetic field realizing a polariza-
tion of the nuclet of the protons of the specimen or
subject for which an image is desired. Within magnet 10
there is a cavity or space in which the specimen or
human to be examined is placed.

The apparatus also includes a gradient system for
producing spatial linear field gradients. These gradient
fields are conveniently established by a set of three
orthogonal direct current coils 11, 12 and 13, which
generate the three principal gradients Gy, Gx, and G;.
These coils are driven by gradient generator 14, which
in turn is controlled by a controller 16 which communi-
cates with the host computer 20. Typical gradients used
in MRI image processing are the well known slice se-
lect, readout, and phase encoding gradients.

The third component of the typical MRI systems
includes the radio frequency (RF) coil 17 which gener-
ates a radio frequency field in the specimen being ana-
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3
lyzed and senses a free induction decay or spin echo
signal which is generated after termination of the radio
frequency pulse. RF pulse unit 18 excites RF coil 17.
The signal processor 19 receives the small microvolt-
age level spin echo signals which are reconstructed by

computer 20 to form an image. Typically Fourier trans-

form techniques are utilized. The image is digitized and
stored in the memory section of computer 20 for later
display on display unit 21.

FIGS. 3B through SE illustrate a typical imaging
sequence. In this specific situation imaging is triggered
or gated from the cardiac waveform of a human heart,
as shown in FIG. SA.

In accordance with well known MRI imaging, the
data acquisition sequence for a single slice, as 1llustrated
in FIG. §B, includes a 90° RF pulse (known as a flip
angle), a later 180° RF (rephase) pulse and then the spin
echo signal from the tissue is produced, as indicated.
During these two RF pulses, FIG. 5C illustrates the
imposition of a slice select gradient; FIG. 5D a readout
gradient and FIG. SE a phase encoding gradient in the
proper time relationships. Each data acquisition frame
or sequence for the slice may be done N number of
times which is dependent on the number of rows and
experiments in a slice or frame, for example, 128 by 4.

In the method of the present invention before this
standard imaging step is done, the selected protons in a
slice to be imaged have imposed on them a grid line
reference system, as illustrated, for example, in FIG. 2.

Specifically, the grid line reference in the embodi-
ment of FIG. 2 is in the form of the cross-section of
several void planes, shown as 22a through 22f. The
heart 23 has a base 24 and an apex 26. The grid refer-
ence 22a-22f was imposed on the heart an earlier time
relative to a later imaging step. Thus, information 1s
contained here including what direction do the various
muscles of the heart move as it beats, including how do
individual pieces of the heart muscle contract and in
what direction. For example, referring to the grid line
224, the arrow indicated at 27 shows an offset in the line
224 caused by motion which occurred between the time
the grid line reference was imposed and the imaging
time. Generally speaking, the offset occurs between the
heart itself and the chest wall, which is generally indi-
cated at 28. Also, referring to the line 22f, the separation
of a portion of the line at the apex 26 indicates that the
apex 26 has moved toward the base 24. In comparison,
line 22a at the point 29 shows very little relative move-
ment, if any. Thus, the foregoing illustrates the advan-
tages of the method of the present invention.

To summarize, the grid line system (22a4-22f) is in
effect “tagged” areas or planes of the heart tissue where
in the MRI process the magnetic axis of the protons has
been so manipulated that during the imaging step the
gnd reference produces no imaging signal or 18 in effect
a “void.” From a more general standpoint, there are
disparate degrees of proton saturation between the grid
line reference part of the tissue and the remaining tissue
which does produce the normal, for example, spin echo
signals. Due to the fact that the blood in the various
cavities of the heart does not retain the grid line refer-
ence in the same manner as the tissue itself, these cavity
portions are shown without the crossed hatching of the
grid reference. Also, in fact, the so-called Tl relaxation
time of various types of tissue may vary and thus the
grid reference may reflect only a certain type of tissue.

Finally, with reference to the image of FIG. 2, its
obvious that the image is taken perpendicular to the
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4
void planes 224 to 22f which, as will be discussed below
in detail, are ideally imposed by means of simultaneous
radio frequency (RF) pulses during a slice select gradi-
ent.

In addition to the use above in connection with car-
diac performance where tissue is in motion, the present
invention can also be used for labeling static tissue (or
spins); for example, in radiation therapy port planning.
A typical situation might be where radiation therapy is
desired for a tumor which is on a portion of the liver.
This organ is normally relatively static. In radiation
therapy for such a tumor, a point or relatively small area
where the tumor exists must be located on the liver in
relation to the human body as a whole. For such radia-
tion therapy, focused radiation beams are directed at the
tumor from many different angular locations in order to
achieve the desired radiation therapy. In the past primi-
tive techniques such as felt pen markings on the bodies
of the patient were utilized.

With the technique of the present invention, a suitable
grid system can be imposed on the tumor. The gnid
system through successive images can indicate the
three-dimensional extent of the tumor. Then, by suitable
calibration between the coordinate systems for the mag-
netic resonance imaging machine and the radiation ther-
apy device, the proper coordinates can be set up for the
therapy device.

One way of implementing in detail the foregoing
technique is to maintain the patient on the same
stretcher or platform when transferred from the MRI
device to the radiation therapy device. In fact, theoreti-
cally the platform could be located on a single track
which was precisely constructed so that the patient is
directly moved from the MRI-sensitive area to the radi-
ation therapy area.

To tag or mark a void on a tumor area which is rela-
tively small, a point-type mark is desired. This is easily
achieved by providing three orthogonal void planes.
Their common intersection is a point. And for that
matter, for a line two void planes would determine such
a line in space.

FIGS. 6A through 6D indicate the imposition of a
grid by the provision of one or several parallel void
planes. This might be referred to as “tagging” also. As
indicated in FIGS. 6A through 6D, at 31 there is a later
imaging sequence which is identical to that described in
the same time axis as FIGS. SA through 5D. However,
before this imaging step is conducted, the void planes or
grid reference are imposed by the following manipula-
tion, as illustrated in FIG. 6A. Here, a single RF pulse
(or simultaneously a group of several RF pulses) is
imposed with flip angles which typically may be 90° or
180° or may range between those two angles. As illus-
trated in FIG. 6C, only the slice select gradient is used
and this may be done several times for a single grid
frame or several grid frames depending on application.

Referring to FIG. 1, the basic MRI system need only
be slightly modified as, for example, the software con-
trol in host computer 20 since the tagging or grid impo-
sition or manipulation step in FIGS. 6 is similar to an
imaging step but in simplified form without an addi-
tional rephase 180° pulse; and also, of course, there is no
spin echo signal to be received. Between the time of the
grid imposition and the imaging time the power of the
flip angle has been chosen so that the protons excited
which form the grid will in effect be in a saturated
condition during the later imaging step and therefore
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will produce no imaging signals (for example, the spin
echo type).

The theoretical basis of the foregoing is illustrated
more fully by the time vector diagrams in FIGS. 8A
through 8C. First, FIG. 8A is a normal imaging se-
quence where, due to the main magnetic field B, as
illustrated in FIG. 1, all magnetic axes of the protons of
interest are lined up on a + Z axis labelled “start.” Then,
in the standard imaging process, as impiemented in
FIG. 3B, the 90° RF pulse shifts the magnetic axes to
the XY pilane, as indicated in the next diagram, and then
the 180° rephase RF (or gradient recall, depending on
the imaging technique) shifts 180° in the negative por-
tion of the XY plane. Thereafter, a spin echo signal is
produced. Thus, from an MRI imaging standpoint, it
shouild be kept in mind that a spin echo is only produced
by a magnetic axis in the XY plane which occurs after
the above sequence of imaging pulses.

Protons with their magnetic axis already in this plane
are termed ‘“‘satura
the imaging step is conducted with a magnetic axis of a
proton already in this XY plane, then due to the 90/180°
rephasing, the magnetic axes will be placed in the Z axis
which produces no signal. The foregoing is illustrated
in FIG. 8B where, referring to FIG. 6A, a 90° RF pulse
has been applied before the imaging step indicated by
the 90° gnd reference and thus, the “start” from a +Z
axis produces void plane protons in the XY plane. If an
imaging step is conducted immediately after the grid
imposition (for example, substantially 10 milliseconds or
less) the void protons still remain in the XY plane. Thus,
this is labelled “start” ip the second diagram, which is
also the “start imaging” portion of the time axis, and a
90° RF pulse places the magnetic axes of these protons
in a —Z direction. Next the rephase 180° RF pulse
places them in a +Z direction and thus, since no spin
echo signal is produced by such protons, this is a void.

With the grid generated by the technique of FIG. 8B,
since the imaging is accomplished immediately after the
imposition of the grid, the tissue has not moved signifi-
cantly. Thus, this process may be useful for establishing
an initial grid line pattern for later reference use with
other parts of the process.

FI1G. 8C illustrates the most utilitarian aspect of the
invention where there is a time delay between the impo-
sition of the grid plane or the “tagging” and the imaging
so that, as illustrated in FIG. 2, the direction and
amount of contraction or relaxation of the heart can be
detected. Referring specifically to FIG. 8C, to accom-
plish the type of imaging as shown in FIG. 2, a 180° RF
grid reference is first done before the imaging step,
which places the selected void planes (selected by the
slice select gradient) and shifts them from a +Z to a
—Z direction. Then, typically, a time delay of 0.7 T],
with T1 the relaxation time of the heart tissue, is al-
lowed. And as shown in the next diagram, this allows
the magnetic axis of the tagged protons to move to the
XY plane designated “start.” Then, in the same manner
as in the imaging step of FIG. 8B, the 90° RF pulse
moves the excited protons back to the —Z direction and
the 180° RF pulse rephases to produce no signal or a
void. It is obvious that the time delay 0.7 Tl may be
modified and as long as there is a significant component
in the XY plane during imaging, there will be a dispa-
rate signal difference between the grid reference por-
tion of the tissue and the remainder.

Thus, in general, its obvious that the time delay be-
tween the imposition of a grid and the actual imaging
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6

may range anywhere from almost an immediate image
to as long as Tl. (T] =the relaxation time.)

In partial summary, the essential element of the tech-
nique is that the resonant protons perturbed by the slice
selective radio frequency pulse, in the presence of linear
magnetic gradients, will retain memory of the RF exci-
tation for a time dependent upon the longitudal mag-
netic relaxation time or Tl of the tissue of interest. If,
before full recovery of magnetization in the RF per-
turbed areas, an MRI image of the tissue is obtained,

‘there will be a signal difference between the “tagged”

and *“non-tagged” regions caused by the disparate de-
grees of proton saturation in the two areas. Intervening
motion will be recorded as displacement and distortion
of the RF tags.

As is apparent in FIG. 2, as has been partially dis-
cussed, its useful to simultaneously produce several
parallel void planes. FIGS. 7A through 7C illustrate
such a technique. This “multi-tag” capability utilizes a
single specialized RF pulse, as shown in FIG. 7A, of the
mathematical form as shown. Its a sine-cosine function
of the modulated sinc type of the form (1=2 COSwot)
SINt/Vt where t is time and wg is the angular fre-
quency. When this pulse has been mathematically ma-
nipulated by using a Fourier transform, as indicated in
FIG. 7C this produces three radio frequency pulses
which are simultaneous — one being a frequency
shifted version of the adjacent. Thus, in accordance
with well known MRI theory, since the slice select
gradient provides in effect a changing potential gradient
along the tissue of interest, each slice of the gradient
will have a particular RF frequency which will resonate
in accordance with the Larmour equation.

Rather than having a grid reference with parallel
lines, a radial grid reference may be provided as shown
in FIG. 3. Again, this is a short axis view of the heart
shown at 40 with the left ventricle 41 and the right
ventricle 42. The various tag lines or void planes are
shown as 43a through 43d, with the chest wall being
shown at 44 and the liver at 46. Here, as shown by the
arrow 47, the grid reference provides a measurement of
twist.

To produce the foregoing radial “tag’’ lines, the stan-
dard MRI system of FIG. 1 may be utilized. Initially,
for each of the radial void planes, the angles theta, phi,
omega and the offset distance are determined. Then,
before the imaging step for each of the void planes
43a-43d desired, the slice select gradient is produced as
indicated in FIG. 6C to select a slice at a predetermined
angle with the RF frequency being chosen to produce a
desired offset. The RF pulse power is adjusted to obtain
the flip angle, typically of 180°, since the picture is to be
taken later after the twist of the heart has been allowed
to occur.

Although the void planes 43a through 43d are at
different oblique angles, this is easily accommodated by
the MRI system disclosed in the above patent.

The foregoing imaging or techniques of FIGS. 2 and
3 might be termed “in-plane images” since they are in a
plane orthogonal to the void or tagging planes. Al-
though this type of imaging permits accurate depiction
of motion within the plane of imaging, it does not ensure
that the motion intersecting the imaging plane may be
sensed. In other words, this might be termed a
“through” plane motion. To sense this type of three
dimensional motion the technique as illustrated in
FIGS. 4 and 4A is utilized. Here there are void planes
51 and 82 which are formed by appropriate slice select
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gradients and these void planes are imposed or sand-
wiched around the region to be imaged indicated at 53.
However, the imaging slice 54 is larger than the width
of region 53, as will be discussed below.
In effect, referring briefly to FIG. 4A, the actual
image produced is actually parallel to the void planes 51
and 52, as opposed to the perpendicular orientation
shown in FIGS. 2 and 3. After the void planes have
been.formed, the imaging step is conducted at, for ex-
ample, a 0.7 T1 time, by selecting the slice 54 which is
greater than the width of the imaged region 53. Keeping
in mind that the specimen may have moved or distorted
relative to the imaged region 83, this original region 53
will still be produced. In other words, all parts of the
original sandwiched region 83 will be imaged including
those portions which may have moved into the void
planes. Thus, tracking of the distorted tissue in a
through plane direction is allowed exclusive of contam-
ination by adjacent regions. By proper timing or gating
of the images relative to the cardiac cycle, successive
images and tagging can be accomplished to show a
sequence of movement. Thus, an improved MRI imag-
ing method has been provided.
We claim: |
1. A magnetic resonance imaging (MRI) method to
track the motion of tissue where an image is produced
by application of a radio frequency (RF) pulse sequence
to a tissue specimen which produces signals utilized for
forming said image, the method comprising the follow-
ing steps: |
at least partially saturating protons in at least one
plane by applying a slice select gradient and at least
one RF pulse to impose a grid system in the tissue
specimen each of said, at least one saturated plane
forming a saturated line of said grid system, the
saturation causing said grid system to produce
substantially no said signals during a subsequent
Imaging step;

delaying a variable period of time less than the T1
relaxation time of said tissue specimen to allow the
tissue specimen of interest to move; following said

8
3. A method as in claim 2 where said saturated planes

are simultaneously produced by application of one RF

10

15

20

25

30

35

45

delay producing an image of the tissue specimen,

sald image being taken perpendicular to said at
least one said saturated plane whereby motion of
the tissue specimen between the saturation and
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pulse where said RF pulse is of the form

RF(t)=(1+2 COSawgt) SINt/V't

wherein t is time, RF is the RF pulse, and wo is the
angular frequency determining the spacing between
said planes.

4. A method as in claim 1 wherein said tissue speci-
men is a human or animal heart having a known cardiac
cycle and wherein said grid system is imposed on said
heart at any desired predetermined time in said cardiac
cycle and said imaging step is done at any later time in
said cardiac cycle but less than said T1 time, the pur-
pose of said saturation and imaging being to measure the
motion of the heart tissue between the time that the grid
1s imposed and the time of imaging.

5. A method as 1n claim 1 where said 1maging step 1s
done as soon as possible without substantial time delay
after said grid system has been imposed, said time being
of the order of 10 milliseconds, whereby the location of
the grid system is effectively seen before any motion has
taken place.

6. A method as in claim § where a flip angle produced
by said at least one RF pulse during the saturation step
is 90° so as to optimize the darkness of each saturated
line in said imaging step which closely follows said
imposition of said grid system where darkness is the
relative intensity between the saturated region and the
unsaturated region,

7. A method as in claim 1 where said imaging step is
done after a substantial delay following said saturation
step, the delay being on the order of and not greater
than the T1 relaxation time of said tissue specimen.

8. A method as in claim 7 where because of said sub-
stantial delay between said saturation step and said im-
aging step the RF flip angle in said saturation is approxi-
mately 180°.

9. A magnetic resonance imaging (MRI) method
where an image is produced by application of a radio
frequency (RF) pulse sequence to a tissue specimen
which produces signals utilized for forming said image,
the method comprising the following steps:

at least partially saturating protons in at least one

plane by applying a slice select gradient and at least
one RF pulse to impose a grid system in the tissue
specimen, each of said at least one saturated plane
forming a saturated line of said grid system, the
saturation causing said grid system to produce
substantially no said signals during a subsequent
Imaging step;

producing an image of said grid system in the tissue

specimen;

and utilizing said grid system for radiation therapy

port planning.
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